Diets enriched in ornithine 2-oxoglutarate (ornithine α-ketoglutarate ; OKG) improve immune status during stress. We described previously the ability of OKG to increase the respiratory burst in polymorphonuclear neutrophils (PMNs), but the underlying mechanisms remain unclear. OKG is usually recognized as generating glutamine, arginine and polyamines. The aim of the present study was first to determine the effects of OKG on PMN bactericidal functions (chemotaxis and respiratory burst) in stressed rats, and whether these effects could be reproduced by glutamine-or arginine-enriched diets. Secondly, we investigated the metabolic pathway involved in these actions, using three metabolic inhibitors : methionine sulphoximine (an inhibitor of glutamine synthetase), S-methylthiourea (an inhibitor of inducible nitric oxide synthase) and difluoromethylornithine (an inhibitor of ornithine decarboxylase). OKG, arginine and glutamine all increased the production of reactive oxygen species (evaluated by chemiluminescence, ferricytochrome c reduction and flow cytometry). Only OKG markedly enhanced the chemotaxis index (5-fold). Inhibition of glutamine synthetase showed that glutamine production was not involved in the action of OKG. The use of S-methylthiourea and difluoromethylornithine demonstrated that OKG modulated the respiratory burst via nitric oxide (NOd) and polyamine generation. Moreover, OKG stimulated PMN migration via NOd, but arginine administration failed to reproduce this effect. These data suggest that OKG (or its metabolites) and arginine are channelled differently in PMNs. This hypothesis deserves further study.
INTRODUCTION
Polymorphonuclear neutrophils (PMNs) play a critical role in host defences against invading micro-organisms [1] . PMNs are among the earliest cells to be recruited to the site of inflammation. Throughout their migration, and after their arrival at the inflammation site, PMNs interact with both soluble and particulate stimuli, eliciting a variety of responses, including chemotaxis, phagocytosis, degranulation and production of reactive oxygen species (ROS), such as superoxide radical (O − ) # ) and hydrogen peroxide (H # O # ) [2] [3] [4] . In a catabolic state, the bactericidal functions of PMNs are often impaired, increasing the prevalence of sepsis [5] [6] [7] [8] . A large number of alterations observed during stress are mediated mainly by glucocorticoids [9, 10] . These have profound effects on leucocyte distribution : a close correlation has been observed between plasma glucocorticoid concentration and leucocyte number [11] . Glucocorticoids also induce a fall in the number of lymphocytes and monocytes, and hyperneutrophilia [11, 12] . These changes may have a significant impact on the functioning and effectiveness of the immune response [8, 11, 12] .
A current hypothesis is that the effects of stress on immune cell function are also dependent in part on an insufficient provision of key nutrients, such as glutamine [13] [14] [15] [16] and arginine [17] [18] [19] [20] [21] . In a previous study [22] , we observed that diets enriched with ornithine 2-oxoglutarate (ornithine α-ketoglutarate ; OKG), a precursor of both glutamine and arginine, increased intracellular H # O # production by isolated PMNs from glucocorticoidtreated rats. We observed similar results with glutamineand arginine-enriched diets. In the present work, we first extended our investigations on the effects of OKG on phagocyte functions by comparing the effects of enteral supplementation with OKG, glutamine and arginine on chemotaxis and on the respiratory burst (evaluated by three different techniques). Secondly, in order to determine the mechanisms underlying the effects of this drug, the metabolic pathways potentially involved in the actions of OKG were explored using metabolic inhibitors (Scheme 1).
EXPERIMENTAL Chemicals
All chemicals were purchased from Sigma (St-QuentinFallavier, France), except for 2h,7h-dichlorofluorescin diacetate (Acros, Noisy-le-Grand, France), Plasmagel2 (Belon, Neuilly-sur-Seine, France), dexamethasone (DEX ; Soludecadron2 ; MSD, Riom, France) and Indubiose2 (Biosepra, Villeneuve-La-Garenne, France). OKG was a gift from Laboratoires Chiesi SA (Courbevoie, France).
Animals and study design
A total of 81 male Sprague-Dawley rats (3 months old) were used (Iffa Credo, L'Arbresle, France). After their arrival in our animal facility, the rats were maintained on a standard chow diet (A04 : 17 % protein, 3 % fat, 59 % carbohydrate and 21 % water, containing fibre, vitamins and minerals ; Usine d'Alimentation Rationnelle, Villemoisson-sur-Orge, France) and received water ad libitum. They were kept in individual cages, in a Table 1 Treatment and nutritional supplementation of the nine groups studied OKG, arginine and glutamine (6.8 mmol:day − 1 :kg − 1 ) were administered by enteral nutrition (day 0 to day 4). All diets were made isonitrogenous (up to 0.5 g of N:day − 1 :kg − 1 ) by addition of a mixture of NEAA (glycine, histidine and alanine in equimolar amounts). Metabolic inhibitors (MSO at 100 mg:day − 1 :kg − 1 ; SMT and DFMO at 50 mg:day − 1 :kg − 1 ) were administered by the enteral route (day k1 to day 4). DEX was administered by intraperitoneal injection (1.5 mg:day − 1 :kg − 1 for 5 days). The PF group received daily intraperitoneal injections of NaCl (0.9 %, w/v) for 5 days. AL, ad libitum ; PF, pair-fed. and a 12 h dark\12 h light cycle (off at 08.00 hours). After this acclimatization period (1 week), the rats were randomly divided into nine groups (n l 9 per group) as shown in Table 1 . For the next 5 days (day 0 to day 4), all the rats had free access to the chow diet as described above. The DEXtreated groups (i.e. groups 3-9 ; see Table 1 ) received a daily intraperitoneal injection of DEX (1.5 mg:day −" : kg −" ) for 5 days, as described previously [23] . The PF group was pair-fed to the DEX groups and received a daily isovolaemic intraperitoneal injection of NaCl (0.9 %, w\v). The rationale for the inclusion of this group is the fact that DEX induces anorexia, so studying a PF group isolates the effect of DEX itself from the effects induced by marked anorexia. In addition to their oral chow diet, the supplemented groups received enteral supplementation by gavage of OKG, glutamine or arginine (6.8 mmol:day −" :kg −" ) (day 0 to day 4), as described previously [24] . The dose of 6.8 mmol:day −" : kg −" corresponds to 2.93 g of OKG:day −" :kg −" , 1.00 g of glutamine:day −" :kg −" and 2.19 g of arginine:day −" : kg −" . These doses are within the range of those used in the literature [7, 18, 22, [24] [25] [26] , and are an extrapolation of dosages used in humans, allowing for the high metabolic rate of rats. The enteral route was chosen to provide supplements, rather than mixing them with chow [27] , to be certain that rats suffering from anorexia received the targeted amount of the pharmaconutrients. The enteral supplementation of all groups was rendered isonitrogenous (up to 0.5 g of N:day −" :kg −" ) by addition of a mixture of non-essential amino acids (NEAA : glycine, alanine and histidine in equimolar amounts). The DEX\NEAA and PF groups received only the NEAA mixture (0.5 g of N:day −" :kg −" ) as a supplement Table 2 Glutamine synthetase activity in extensor digitorum longus of rats treated in various ways
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Glutamine synthetase activity (nmol:min
to their regimen. Under our experimental conditions, the NEAA mixture exerted no pharmacological or any other adverse effects [23] . The groups treated with metabolic inhibitors received methionine sulphoximine (MSO ; 100 mg:day −" :kg −" ), S-methylthiourea (SMT ; 50 mg:day −" :kg −" ) or α-difluoromethylornithine (DFMO ; 50 mg:day −" :kg −" ) by the enteral route for 6 days (day k1 to day 4). MSO, a specific inhibitor of glutamine synthetase [28] , was used to show whether OKG acts via the neosynthesis of glutamine. SMT, a specific inhibitor of inducible nitric oxide synthase [29] , would show whether OKG acts via arginine metabolism and its active metabolite nitric oxide (NOd), whereas DFMO, a specific inhibitor of ornithine decarboxylase [30] , would show whether OKG acts via polyamine synthesis. Dosages of inhibitors were selected on the basis of the literature [29] [30] [31] and after preliminary experiments. With regard to the effects of inhibitors on their target enzymes, glutamine synthetase activity in muscle (extensor digitorum longus) was determined using a colorimetric assay [31] ; activity was not detectable in MSO-treated rats (Table 2) . SMT (50 mg:day −" :kg −" ) abolished NOd secretion by stimulated macrophages from DEX-treated-rats (1.5 mg:day −" :kg −" during 5 days). These results have been published elsewhere [32] .
In the case of DFMO, ornithine decarboxylase was not measured, since it has a very short half-life and 12 h had elapsed since the last injection. However, it is well known that DFMO blocks ornithine decarboxylase activity under our experimental conditions [25, [33] [34] [35] .
The AL group underwent no treatment, and was fed ad libitum. Animal care and experimentation complied with the rules of our institution, and two of us (L. C. and M.-P. V.) are authorized by the French Minister of Agriculture and Forestry to use this type of experimental model.
At 24 h after the final injection, rats in the postabsorptive state were anaesthetized with ether and killed by decapitation.
Blood sampling
Blood was collected on calcium heparin to isolate PMNs on a gradient of Ficoll\Hypaque (for determination of ferricytochrome c reduction, chemiluminescence and chemotaxis) or by sedimentation (for hydrogen peroxide determination).
Procedures and analytical methods

Separation of PMNs for determination of chemotaxis, ferricytochrome c reduction and chemiluminescence
Blood was layered carefully on a double gradient of Ficoll\Hypaque (Histopaque2 1083 and 1119) with equal volumes. After centrifugation (700 g, 30 min, 20 mC), the Ficoll\Hypaque layers were removed, and the PMNs were transferred to a polypropylene tube (Falcon). The residual erythrocytes were lysed by a short treatment with an NH % Cl solution (16 mM NH % Cl, 1 mM NaHCO $ and 0.01 mM EDTA). The PMNs were then washed twice with PBS, resuspended and adjusted to 10' cells\ml with Hanks balanced salt solution. The medium did not contain arginine, glutamine or OKG. Cell viability was determined by Trypan Blue exclusion, and was 95 %. May-Grunwald-Giemsa staining of leucocytes was carried out to determine the efficiency of our separation procedure, and indicated 80 % PMNs in each preparation.
Chemotaxis assay
Chemotaxis was determined using the agarose assay [36] . Briefly, three sets of three wells (2.5 mm in diameter and 2.5 mm apart) were cut in an agarose gel (Indubiose A-37). PMN suspension (5 µl ; corresponding to 5i10& cells) was placed in each central well ; 5 µl of chemotactic factor (fMet-Leu-Phe, 0.1 µM) was placed in each outer well, and 5 µl of Hanks medium in each inner well. The plates were incubated at 37 mC (95 % air\5% CO # ) for 90 min. Migration was measured as the distance between the border of the middle well and the leading edge in the direction of the chemoattractant well (directed migration or chemotaxis) or the control well (random migration). Results are expressed as the ratio of chemotaxis to random migration (no units). None of the effectors modified random migration (results not shown).
Determination of ROS generation by chemiluminescence assay
ROS generation was measured by chemiluminescence. Luminol-dependent chemiluminescence was measured using a luminometer (Model 1250 ; LKB Pharmacia, Trappes, France) with disposable polypropylene tubes at 37 mC. PMNs (5i10& cells) were preincubated for 5 min at 37 mC. Luminol was then added to the medium at a final concentration of 200 µM. Time was recorded from the addition of the stimulating agent (PMA ; 1 µM). All results are expressed as the maximum peak values (mV) corresponding to the maximal activation state.
Determination of extracellular O − )
2 generation by ferricytochrome c reduction
generation was measured by the reduction of ferricytochrome c (horse heart type III), as described previously [37] . Briefly, PMNs (5i10& cells) preincubated for 5 min were added to a ferricytochrome c solution (0.4 nM) and stimulated with PMA (1 µM) for 10 min at 37 mC. The final volume of the reaction mixture was adjusted to 0.5 ml with PBS. Incubation was stopped by placing the tubes in an ice bath for 10 min. After centrifugation of the cells (400 g, 10 min), the absorbance of the supernatants was measured at 545 nm (spectrophotometer DU540 ; Beckman, Gagny, France). The 
Measurement of intracellular H 2 O 2 production by PMNs
Leucocytes were isolated after gravity sedimentation of erythrocytes using Plasmagel2 at room temperature for 20 min. Residual erythrocytes were lysed by treatment with an NH % Cl solution (see above). Leucocytes were washed twice with PBS and adjusted to 10' cells\ml with RPMI 1640 medium. Cell viability was determined by Trypan Blue exclusion, and was 95 %.
Leucocytes (10'\ml) were then preincubated for 15 min with 5 µM 2h,7h-dichlorofluorescin diacetate in a water bath with horizontal agitation at 37 mC. 2h,7h-Dichlorofluorescin diacetate diffuses into cells, where it is hydrolysed to 2h,7h-dichlorofluorescin. For each rat, half of the leucocytes were not stimulated and the other half were stimulated with 1 µM PMA for 10 min. During the leucocyte oxidative burst, non-fluorescent intracellular 2h,7h-dichlorofluorescin is oxidized by H # O # to form highly fluorescent 2h,7h-dichlorofluorescein. PMNs were discerned among leucocyte populations and the 2h,7h-dichlorofluorescein fluorescence of PMNs was measured using a flow cytometer (Coulter Epics XL, Beckman-Coulter, Villepinte, France). PMNs were selected on the basis of their size and granularity by the combination of low-angle forward-scattered and rightangle-scattered laser light. A total of 2500 PMNs were counted for each determination. Results are expressed as the ratio of fluorescence produced by PMA-stimulated leucocytes to fluorescence produced by non-stimulated cells.
Statistical analysis
Data are expressed as meanspS.E.M. Comparisons between sets of data were made using one-way ANOVA or the Kruskal-Wallis H test followed by the NewmanKeuls test when appropriate, as indicated in Table and 
RESULTS
Effects of dietary supplementation with the pharmaconutrients
Determination of chemotaxis
DEX had no effect on chemotaxis of PMNs towards fMet-Leu-Phe. Arginine supplementation increased chemotaxis towards fMet-Leu-Phe compared with the AL and PF groups, and OKG increased the chemotaxis of PMNs 5-fold compared with the AL, PF and DEX\ NEAA groups (P 0.01) (Figure 1 ).
Determination of ROS generation by stimulated PMNs
DEX did not modify total or extracellular O − ) # production by PMNs (Table 3) . However, ROS generation evaluated by chemiluminescence was increased after Table 3) .
Effects of inhibitors
PMN chemotaxis
MSO and DFMO had no effect on OKG-induced chemotaxis, whereas SMT abolished the stimulatory effect of OKG on chemotaxis (P 0.05 for DEX\ OKG\SMT group compared with DEX\OKG group) (Figure 2 ).
ROS generation in stimulated PMNs from rats receiving OKG plus inhibitor
Total O − ) # generation was decreased in rats treated with SMT or DFMO (P 0.05 for DEX\OKG\SMT and DEX\OKG\DFMO groups compared with DEX\ OKG group) (Table 4) Table 4) .
DISCUSSION
Following injury such as trauma, sepsis or burns, an important component of the cellular response is the movement of PMNs to the site of infection (or injury), where they rapidly destroy the pathogenic agent. Several recent studies (reviewed in [38] ) indicate that OKG is an important modulator of the function of PMNs and other immune cells [39, 40] . Other amino acids, such as arginine and glutamine, are also potent immunomodulators in stress situations [41] [42] [43] . However, because the metabolic pathways of arginine, glutamine and OKG are closely inter-related, determining which substance is responsible for the observed actions is very difficult [44] . Measurement of the appearance of metabolites [45] [46] [47] , even using tracers [26, 48] , or the identification of correlations between metabolite concentrations and tissue functions [24, 49] does not prove causality. For this reason, metabolic blockers were used as a tool in the present study, with the assumption that, when an inhibitor blocks both the generation of a metabolite and a given functional effect, then that metabolite is probably involved in that effect. We observed that OKG was able to increase the chemotaxis of PMNs dramatically, but that arginine and glutamine administration failed to show the same effect, although a slight enhancement of chemotaxis was observed with PMNs from the arginine-treated group. Under these conditions, the biochemical pathways involved in the action of OKG on chemotaxis may be (i) a direct effect of OKG (via ornithine or 2-oxoglutarate), or (ii) an indirect effect via metabolite generation [50] . The use of metabolic inhibitors showed that OKG administration increased neutrophil migration via an increase in NOd production, since OKG action was abolished in rats treated with SMT. It is well known that NOd modulates neutrophil migration via guanylate cyclase activation and cGMP accumulation [51] [52] [53] . Surprisingly however, arginine, the direct precursor of NOd, had a much smaller effect on chemotaxis than did OKG. To the best of our knowledge, there are no data available on the nature and activity of the amino acid transporter on PMN cell membranes, and few data on the presence and activity of enzymes involved in the metabolism of this amino acid in this cell type. There is a large body of evidence that administration of OKG leads to the generation of arginine in vivo in both humans [44] and rats [24] . If circulating arginine (and subsequently NOd) derived from OKG were responsible for its action on chemotaxis, administration of arginine itself should have had the same effect. This suggests that ornithine is taken up by PMNs or that, after its uptake, arginine may be channelled to other pathways (urea production and then polyamine synthesis, and protein synthesis). This hypothesis is consistent with the concept of channelling of arginine\ornithine metabolism [54] . This point deserves further study, and may have important therapeutic implications (e.g. use of ornithine-instead of arginine-enriched diets).
With regard to the respiratory burst, we observed that an OKG-enriched diet led to an increase in ROS production (evaluated by chemiluminescence and ferricytochrome c reduction). An enhancement of intracellular H # O # production by PMNs from OKGsupplemented rats was also observed. These results confirm those from previous studies [7, 22] production by PMNs of glucocorticoid-treated rats. However, we observed that glutamine and arginine supplementation had the same effect on ROS production by PMNs. Given these results, it can be suggested that OKG may modulate ROS production via its metabolism to glutamine and\or arginine. However, inhibition of glutamine synthetase by MSO showed clearly that the effect of OKG on the respiratory burst is not dependent upon metabolism to glutamine. In fact, it is likely that ROS production due to OKG supplementation is mediated by NOd, since the effect of OKG was totally abolished by SMT administration. This high level of production of radical oxygen species results from an activation of NADPH oxidase [55] . The effect of NOd on NADPH oxidase activity has been studied extensively [56] [57] [58] [59] [60] [61] . However, the results are conflicting : some authors have shown that NOd enhances NADPH oxidase activity [56, 57] while others [58] claim that NOd may have an inhibitory effect on ROS production [59] [60] [61] . This apparent conflict may be due to the different doses of NOd donors used. Pieper et al. [56] showed that NOd donors can either stimulate (at low concentrations) or inhibit (at high concentrations) oxygen radical production.
We also observed that the respiratory burst was partially abolished by treatment with DFMO. It has been shown [62, 63] that polyamines have a stimulatory effect on protein kinase C activity. Moreover, ROS production by activated PMNs results from phosphorylation of NADPH oxidase by protein kinase C. Therefore it can be suggested that OKG may generate polyamines, which could mediate an increase in protein kinase C activity and thus stimulate ROS production via activation of NADPH oxidase.
In conclusion, we have demonstrated that OKG stimulates ROS production through NOd and polyamines. OKG also stimulates chemotaxis via NOd. An important finding is that arginine is able to stimulate the production of radical oxygen species but not chemotaxis, unlike OKG. We hypothesize that OKG and arginine are channelled differently in PMNs. However, characterization of these pathways in PMNs requires further study.
